1. Introduction {#sec1}
===============

DNA polymerase (pol)-catalyzed nucleotidyl transfer is a fundamental chemical reaction essential for cellular propagation.^[@ref1],[@ref2]^ Because of the critical nature of this reaction, it has been the target of a wide variety of chemotherapeutic drugs to control aberrant cell growth.^[@ref3]^ Initial characterization of the DNA synthesis reaction indicated that it was metal- and template-dependent.^[@ref4]−[@ref6]^ Structural characterization identified a bimetallic reaction scaffold at the pol active site with two closely placed magnesium or manganese ions of which one metal ion (Me~n~) facilitates incoming dNTP binding while the other metal ion (Me~c~) lowers the p*K*~a~ of O3′ of the growing DNA strand (i.e., primer) terminus, leading to deprotonation and generating an oxyanion.^[@ref7]^ A nucleophilic in-line attack of this oxyanion on Pα of the incoming nucleotide involves a penta-coordinated transition state that forms a phosphodiester bond (O3′--Pα) and breaks the incoming dNTP Pα--Oαβ bond, generating pyrophosphate (PP~i~) and DNA that has been extended by one nucleotide (dNMP).^[@ref6],[@ref8]−[@ref10]^ As with most enzymes, this reaction is reversible and is referred to as pyrophosphorolysis; activated PP~i~ oxygen attacks phosphate of the DNA primer terminus, generating dNTP and DNA primer strand that has been shortened by one nucleotide.^[@ref2]^

DNA polymerase β is a model pol that has been structurally and kinetically extensively studied, employing natural and chemically modified substrates.^[@ref7],[@ref11]−[@ref16]^ A recent study utilizing a modified dGTP substrate, the bridging oxygen between the Pβ and Pγ was replaced with an imido-moiety (NH).^[@ref16]^ Insertion of dGMPPNP was very slow compared to dGTP (∼200-times), but the observed reverse reaction had increased 1000-fold.^[@ref16]^ Although more rapid, the chemical step for the reverse reaction was now rate limiting, providing an estimate of the chemical equilibrium, *K*~eq~ ≈ 0.002. The chemical origin of this effect is not clear, and the current work was undertaken to evaluate the reverse reaction as a function of the chemical state of the imidodiphosphate (PNP).

In our previous studies with pol β, the reaction paths were characterized for both forward and reverse reactions with natural substrates, and the activation barrier of the reverse reaction was found to be higher than the that of the forward reaction.^[@ref14]^ Using our previous results, the importance of the presence of a magnesium ion in the catalytic site was highlighted for the pyrophosphorolysis reaction.^[@ref14]^ In the analysis of the pyrophosphorolysis reaction by pol β, we further reported that the weak reverse reaction is limited by a nonchemical (conformational) step. However, the replacement of PP~i~ with the analog imidodiphosphate had a profound effect on the rate of the reverse reaction; thus, these results displayed the importance of the bridging atom between the β and γ-phosphates in the reaction path of pyrophosphorolysis.^[@ref13],[@ref16]^

When the bridging oxygen is replaced by a nitrogen atom that is protonated, the imidodiphosphate substrate can be found in various tautomeric forms.^[@ref17],[@ref18]^ Such tautomerizations, in general, are recognized as a key feature in many enzymatic reactions. In fact, Bax et al.^[@ref19]^ summarized structural findings on bond distances and angles for PNP compounds using the small molecular crystal database (CSD) and found that the bridging nitrogen was *not* protonated when the phosphate oxygen of each phosphate is coordinated with a divalent metal ion. In this tautomeric form, the proton may have transferred to a phosphate oxygen or left PNP entirely. In the conversion of dihydroflavonols to anthocyanins, which are important plant secondary metabolites that act as photo-protectants and anti-oxidants, the importance of such tautomeric conversions is recognized.^[@ref20]^

The relative efficiency of nucleophilic attack of an oxygen atom at one of the phosphate groups in PP~i~, or its analogues, depends on the identity of the bridging atom between the phosphates. The electronic environment of the attacking oxygen may be altered in an analogue, and the nucleophilicity of the attacking oxygen is a good indicator for the reactivity of the substrate. Liu et al.^[@ref21],[@ref22]^ demonstrated that the Hirshfeld charges (and charges derived from similar methods, such as the CM5 method^[@ref23]^) derived from quantum mechanical calculations, as well as Fukui functions based on these charges, provide a good theoretical framework to quantify the oxygen atom reactivity. In the present work, we used the energy barriers from the reaction path calculations and the chemical concept of nucleophilicity, quantified by charges and Fukui functions, to characterize the relative reactivity of various pyrophosphate derivatives.

2. Methods {#sec2}
==========

2.1. QM/MM Calculations {#sec2.1}
-----------------------

High-resolution crystallographic structures of the enzyme--DNA complexes were used as the initial configurations for theoretical calculations. After adding missing residues, heavy atoms, and hydrogen atoms to the initial structures (pdb ID: 4KLE), molecular dynamics simulations were carried out in a completely solvated aqueous medium and in a neutral environment by adding counter ions. Positions of all crystallographic water molecules were preserved initially. The total charge on PP~i~ was taken to be −4*e*. All MD calculations were carried out with the Amber14SB force field using the PMEMD module of Amber.16.^[@ref24]^ Water molecules were represented by the TIP3P model,^[@ref25]^ and the nucleotides were represented by the parmbsc1 model.^[@ref26]^ The MD protocol adapted here has been described in detail in our previous work.^[@ref14]^

The QM systems were prepared from the final optimized structures after MD simulations. The quantum region included parts of Asp190, Asp192, and Asp256, primer terminal nucleotide, PP~i~ (or its analogues), two magnesium ions, and several water molecules. Atoms within 10 Å of the quantum atoms were treated using a classical Amber force field and allowed to move. The remainder of the protein, DNA, and counter ions were kept stationary. Solvent water molecules within 15 Å were also included, and the waters beyond 10 Å of the QM atoms were kept frozen during the simulation. The hybrid QM/MM potential in the ONIOM (MO:MM) method implemented in the program Gaussian09-D1^[@ref27]^ was used for the reaction path calculation. The quantum region was treated using the B3LYP exchange--correlation function and 6-31g\* basis set. The classical region was handled using the Amber ff14SB force field within Gaussian 09.^[@ref27]^ The calculations were performed with the electronic embedding option to accommodate the polarization of the QM region by the partial atomic charges in the classical region. Further details of the QM/MM calculations can be found in our previous work.^[@ref14]^

2.2. QM Calculations on Clusters {#sec2.2}
--------------------------------

To study the variations of the nucleophilicity of PP~i~ and its derivatives, we used the QM systems and their smaller sub-systems from the QM/MM calculations described above. The entire QM sub system including the capping protons representing the boundary atoms from the QM/MM calculations was selected as the primary cluster system for charge calculations. To facilitate the discussion on how the strength of the nucleophile depends on contributions from various nearby components by peeling off different components from the QM system, instead of using the already polarized wavefunction from the QM/MM calculations, we decided to implement such a cluster model with implicit solvents for the calculations of charges. Various clusters selected from the primary system as described in the [Results and Discussion](#sec3){ref-type="other"} section were used to analyze the effect of the presence of different components in the QM cluster. The charges at the atomic positions were calculated using the CM5 charge model,^[@ref28]^ which is an extension of the Hirshfeld population analysis, with DFT calculations at the B3LYP/6-311++g\*\* level.^[@ref27]^ Implicit solvent environment (corresponding to the solvent being water) was added by the use of the polarizable continuum model (PCM) in DFT calculations. CM5 charges were calculated from the Gaussian output using the program CM5PAC version 2015.^[@ref29]^ The Fukui functions were calculated using the method described in the work of Liu et al.^[@ref21],[@ref22]^

3. Results and Discussion {#sec3}
=========================

3.1. QM/MM Calculations {#sec3.1}
-----------------------

We previously reported results from a series of QM/MM calculations of pyrophosphorolysis using PP~i~ as the substrate in the pol β-DNA complex active site. In that work,^[@ref14]^ with two magnesium ions occupying Me~c~ and Me~n~ metal binding sites, we observed reaction energy continuing to increase well beyond a reasonable level for a biologically relevant reaction. The distance between the newly extended phosphate group and the former bridging oxygen on PP~i~ falls shorter than the corresponding distance at the transition state of the forward reaction.^[@ref14]^ The energy profile did not change even when three metal ions were employed in the calculations, similar to the observed positions in the final product from time-lapse crystallography.^[@ref30]^ Catalytically unrealistic reaction paths were the results of both calculations, with a lack of activation barriers and final energies over 50 kcal/mol.

In additional experiments under slightly different conditions, we re-evaluated the reaction path for the pyrophosphorolysis reaction of pol β, and the results remained the same as those mentioned above ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The new calculation recalibrated the energy curve for the reverse reaction carried out for pol β with two metal ions where side chains of Arg183 and Arg254 were not considered to be in the quantum system because the results for the activation barrier calculated with the abovementioned two residues did not seem to have any impact on the reverse reaction with the natural substrate. The reaction paths were virtually identical, even when the two arginine side chains were treated using molecular mechanics in place of quantum mechanics. These energy curves serve as a reference for the problem addressed in the current study where the PP~i~ substrate is replaced with PNP. Experimentally, as seen in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, PNP preferentially promotes the reverse reaction relative to the forward reaction (*K*~eq~ ≈ 0.002). However, use of the same procedure to calculate the reaction path with PNP resulted in an energy barrier even more unrealistic than that observed with PP~i~.

![Energy profiles for the pol β-assisted pyrophosporolysis with various P--X--P substrates. X = O (black), X = NH (red), and the tautomeric form with P--N=P (green).](ao0c01345_0001){#fig1}

###### Summary of Observed Kinetic Parameters

  substrate[a](#t1fn1){ref-type="table-fn"}   *k*~forward~                           *k*~reverse~
  ------------------------------------------- -------------------------------------- --------------------------------------
  forward/reverse                             (s^--1^)                               (s^--1^)
  dGTP/PP~i~                                  13.7[b](#t1fn2){ref-type="table-fn"}   0.03[c](#t1fn3){ref-type="table-fn"}
  dGDP(CH~2~)P/P(CH~2~)P                      1.7[b](#t1fn2){ref-type="table-fn"}    2.0
  dGDP(N)P/PNP                                0.07[c](#t1fn3){ref-type="table-fn"}   32.6[c](#t1fn3){ref-type="table-fn"}

DNA substrate for the forward reaction was 1-nucleotide-gapped DNA; for the reverse reaction, the DNA substrate was nicked DNA.

Taken from a previous study (Sucato et al., 2008).

Taken from a previous study (Shock et al., 2017).

In the examination of the crystal structure of the immediate environment around PP~i~, one can identify a major difference in the interactions of the bridging atom between the β- and γ-phosphates. In the structure with PP~i~, the nearest water molecule points one of the protons toward the bridging oxygen atom. Crystallographically, this water molecule was not exactly located in the position found through molecular dynamics. In the structure with PNP, a water oxygen was observed in the crystal structure about 3 Å away from the bridging nitrogen of PNP. Because of the proton present on the nitrogen, the water oxygen is directed in this case, creating a somewhat different hydrogen-bonding network above this position. Potentially, such networks can contribute to alter the calculated reaction path.

Crystallographic structures of PNP and PP~i~ yielded similar bond lengths and angles and no evidence for tautomeric forms.^[@ref12]^ However, a shortened P--N bond distance was observed, suggesting partial double bond nature in the P--N bond. Subsequent solution NMR studies pointed to the possibility that the proton on the nitrogen was actually residing on phosphate oxygens.^[@ref18]^ It was found that under mild conditions, the nitrogen was protonated. However, if the negative charge of the phosphate was neutralized by coordinating divalent metal ions, the imide group can be deprotonated.^[@ref31]^ Another report pointed to the tautomerism activities of cyclo-imidopolyphosphates.^[@ref20]^ With this in mind, we decided to explore the reaction path of the PNP in its tautomeric form.

After transferring the proton onto one of the oxygens on the γ-phosphate, followed by the MM re-optimization procedure, QM/MM calculations were performed to remap the reaction path of the reverse reaction using this tautomeric conformation. The results are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, in which a biologically relevant reaction path was observed with about 27 kcal/mol activation barrier. This result supports the possibility that the tautomeric conformation of the PNP contributes to the enhanced reaction rate of the reverse reaction with the PNP substrate.

In summary, we demonstrated that it is possible to observe a lower barrier for the reverse reaction when the nitrogen of PNP is unprotonated and is used as the substrate. In the following sections, we will examine a rationale for the reduction in the activation barrier by characterizing various systems using simplified cluster models. Cluster calculations were performed on sub-components of the QM system used in the QM/MM study, and a reaction field scheme was adopted to account for solvent effects. Such stepwise isolation of individual system components allowed us to investigate features of the system where reactivity was observed. Thus, different bridging substituents between the two phosphate groups were tested for their influence in controlling the activation barrier of the reverse reaction.

3.2. Cluster Calculations {#sec3.2}
-------------------------

Various selected cluster systems were evaluated to isolate where the reactivity is concentrated and in the current case, for their charge redistribution in the complex assembly. In QM/QM systems, the high-level QM system consists of P--X--P (where X is O, NH, or CH~2~), a phosphate group representing the initial alpha-phosphate (with the two oxygen atoms capped with CH~3~ groups and with two free oxygens), two divalent magnesium ions, three carboxyl groups representing pol active site aspartate groups, and two water molecules solvating the magnesium ions among other components. This description is taken as the minimum set of atoms required to represent the reactive system in the QM/MM analysis.

The following systems were selected in the charge calculations:1All atoms in the complete high-level QM system ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A).2As in system 1, but the catalytic magnesium was represented by a point charge with *q* = +2*e*.3As in system 1, but both magnesium ions were represented by point charges with *q* = +2*e*.4With only the P--X--P group and the phosphate group (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B).5With only the P--X--P group.6With an electron removed from system 5.7The same as system 5, but the nucleotide binding magnesium was included.8With an electron removed from system 7.9The same as system 7, but the magnesium ion is replaced by a point charge with *q* = +2*e*.

![(a) Minimalist's conformation of the reactive atoms as the largest system in the cluster calculation. All atoms with reported charges are marked. The hydrogens are in lighter gray, carbons in gray, oxygens in red, nitrogens in blue, and the two metal ions in light green. The pyrophosphate and the three residues of pol β involved in the catalytic scaffold are also marked. Water oxygens are marked with "W". (b) Only two components in the quantum system undergo a chemical change: the phosphate group (from the terminal nucleotide) capped with two methyl groups and the pyrophosphate substrate that reacts with it during pyrophosphorolysis. (c) Tautomeric forms of the imidodiphosphate substrate used in the present study.](ao0c01345_0002){#fig2}

As shown in [Tables [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}--[6](#tbl6){ref-type="other"}, we tabulated the charges calculated from each system and included only selected atoms to facilitate the discussion. The metal-bound oxygens show reduced charges, and the positive charges (+2) of metal ions in the present ionization state were also reduced to less than a unit charge in all cases, with the values between 0.76 and 0.84. The charge neutralization on the metal ions was studied in detail in previous publications,^[@ref14],[@ref32],[@ref33]^ and we use the effect here to highlight the effect of charge redistribution if metal ions are not included in the QM systems, as was performed in some theoretical work.^[@ref34]^ In the present case, including the nucleotide binding metal with the QM system helps maintain the charge distribution of negatively charged centers similar to both being in the QM system. Note that the phosphorus at the nucleophilic site (P) had slightly reduced positive charge in all cases. However, when both cations were treated classically, larger magnitudes of charges were observed at all negatively charged atom sites, and the smaller values resulted in positively charged phosphorous centers. The charge at the nucleophilic site (P) is substantially reduced (∼20%) when both metal ions were treated classically. Interestingly, this system had a rather similar charge distribution to the system that comprised only the phosphate group and the P--X--P group (i.e., comparison of columns 3 and 4), indicating the polarization effects on the wavefunction; however, a classical charge distribution alone may not be significant. The charge on the nucleophilic oxygen center (O~β,nu~) is lowest for PP~i~ and the highest when PNP is in the unprotonated tautomeric conformation. Thus, this may be the best among the candidates for an effective nucleophilic attack.

###### Charges and the Fukui Functions in O~3~P--O--PO~3~[a](#t2fn1){ref-type="table-fn"}

![](ao0c01345_0003){#gr3}

Charges are evaluated using the CM5 method, and the Fukui functions are calculated using *F*~index~^--^ = *F*(*n*) -- *F*(*n* -- 1) ≈ *Q*(*n*) -- *Q*(*n* -- 1) = *F*^--^. When the magnesium ions were taken as classical point charges, the charges are displayed in red (with a (C) to denote they provide only a charge field for the QM calculation).

###### Charges and the Fukui Functions in O~3~P--CH~2~--PO~3~

![](ao0c01345_0004){#gr4}

###### Charges and the Fukui Functions in O~3~P--NH--PO~3~

![](ao0c01345_0005){#gr5}

###### Charges and the Fukui Functions in O~3~P--N--PO~3~H~γ,3~

![](ao0c01345_0006){#gr6}

###### Charges and the Fukui Functions in O~3~P--NH--O~3~P(H~2~O)

![](ao0c01345_0007){#gr7}

Within the frontier orbital approach, one can make use of Fukui functions to predict the most nucleophilic or electrophilic sites within a molecule. Change in density of atomic sites is attributed to the result of a chemical reaction, and using the Fukui functions, electron density of a molecule at a given site can be quantified when the number of electrons is changed. In the present situation, the P--X--P system shares an electron with the electrophile (the phosphorous atom of the terminal nucleic acid, that is, primer terminus). By recalculating the charges at each center, after removing an electron from the molecule, one can find the site with the greatest change in charge. We first performed these calculations on P--X--P itself, and the results are tabulated under system 5 and system 6 with the corresponding Fukui index values. We focus on the first line (corresponding to the nucleophilic oxygen that attacks the phosphate) in [Tables [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}--[6](#tbl6){ref-type="other"}. The charges in system 5 are rather similar to those calculated in systems 3 and 4; also, the negative charges are slightly increased compared to system 1. However, this can serve as a first approximation. In the P--O--P system, the nucleophilic oxygen (O~αβ,nu~) does not differentiate much from the other two systems within this calculation. Similar results were found for P--NH--P. A modest favorability was seen for P--CH~2~--P, and the highest values were observed for both the nucleophile and metal-binding oxygens for the P--N--P system. When the nucleotide binding metal was included in the calculation, system 7 showed charges similar to the original system (system 1), and clear differences appeared in the Fukui index. Again, the best nucleophile was found in the case of the P--N--P system ([Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}) with a Fukui index of 0.22.

One striking feature is that P--X--P was in a slightly constrained conformation within all complexes because of metal binding. The bond distances and angles of P--X--P in the complexes and in an optimized configuration under the same level of theory are summarized in [Table [7](#tbl7){ref-type="other"}](#tbl7){ref-type="other"}. Small compression in the bond distances in some cases was observed along with large variations in the bond angles. Inter-oxygen distances of the oxygens bound to the nucleotide metal ion were found to be reduced by more than 0.6 Å, and this introduced angular constraints in the order of 10° or more in certain cases. Therefore, if one wishes to make predictions on reactivity using indexes such as the Fukui function, the structures derived from the complex should be used in such calculations.

###### Distances (Å) and Angles (deg) of (a) O~3~P--X--PO~3~ (in the Optimized Structures from the Complex) and (b) O~3~P--X--PO~3~ (in Optimized Structures of the Pyrophosphate Alone in the Reaction Field of Water)

  O~3~P--X--PO~3~   P~β~--X   P~γ~--X   P~β~--X--P~γ~   O~β,Me~--O~γ,Me~
  ----------------- --------- --------- --------------- ------------------
  \(a\)                                                 
  X = O             1.68      1.66      123.9           3.00
  X = NH            1.70      1.72      124.0           3.07
  X = N             1.64      1.60      121.7           2.90
  X = CH~2~         1.81      1.83      116.1           2.99
  \(b\)                                                 
  X = O             1.69      1.69      136.5           3.69
  X = NH            1.76      1.76      134.0           3.70
  X = N             1.71      1.62      127.8           3.82
  X = CH~2~         1.89      1.89      129.3           3.71

4. Conclusions {#sec4}
==============

The study of DNA synthesis normally focuses on the chain-lengthening DNA synthesis (i.e., forward) reaction. In the reverse process, that is, pyrophosphorolysis, the addition of pyrophosphate (or analogues) is also of mechanistic interest and biological interest because one avenue for HIV-1 drug resistance is attributed to a robust pyrophosphorolysis of the reverse transcriptase.^[@ref35]^ Recently, we have obtained detailed results leading to the remarkable finding that the reverse reaction can occur much faster with PNP than PP~i~ (∼1100-fold) with a dramatic decrease in the overall equilibrium constant.^[@ref16]^ Here, we have shown with predictive computational tools (QM/MM and Fukui functions) and rational structure-based models that the rapid reverse reaction is likely due, in part, to the increased nucleophilicity of the reactive oxygen on the tautomeric form of PNP. These results should be of interest to those interested in the inhibition of DNA synthesis and more generally to those interested in the contributions of tautomers to chemical reactivity.
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